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We show that Mn atoms diffuse with two different mechanisms at high and low temperatures in CoFeB- and
CoFe-based magnetic tunnel junctions. By combining high resolution and scanning transmission electron
microscopy, we reveal that below 300 °C, the amorphous CoFeB and the textured CoFe are equally effective
in blocking the diffusion of Mn, contradicting the conventional wisdom that the diffusion occurs primarily
along grain boundaries. Below 300 °C, Mn diffusion in crystalline CoFe occurs through the bulk and is
assisted by oxygen atoms which only diffuse parallel to the bcc close-packed 110 plane. Above 300 °C, Mn
diffuses through vacancies along the grain boundaries of CoFe and in the bulk of amorphous CoFeB. A
universal diffusion temperature is proposed based on an isokinetic relation.
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The physics of spintronics devices1–5 is studied in terms
of their electronic, magnetic, and structural properties. These
properties are intimately connected. The first two have been
reasonably understood. The much less understood structural
property of magnetic tunnel junctions MTJs includes the
critical question of their thermal stability. It is known that
Mn atoms diffuse into the barrier layer and act as magnetic
impurity, which can greatly reduce the tunneling magnetore-
sistance TMR of MTJs in a manner similar to spin
valves.6–9,11 Despite a great deal of work relating Mn diffu-
sion to annealing temperature Ta Refs. 12–14 and to oxy-
gen diffusion,9 and the speculation14 that at moderate Ta
amorphous CoFeB can block Mn diffusion more effectively
than polycrystalline CoFe, there is not a clear physical pic-
ture of Mn-diffusion mechanism and what roles individual
microstructures play.
It was shown that the measured diffusivity of Mn in Co
cannot account for the observed Mn profile in annealed
MTJs, and oxygen-assisted diffusion was proposed9 as the
most likely Mn-diffusion mechanism. Usually, diffusion
along grain boundaries is much faster than in the bulk.10 This
is the assumed reason for why amorphous CoFeB can block
Mn or oxygen diffusion. This assumption implies that dif-
fusion mechanisms in crystalline CoFe and amorphous
CoFeB are different. Then, is it a coincidence that the TMRs
for both types of MTJs peak at the same annealing tempera-
ture of just below 300 °C?
In this paper, we first present observations from CoFeB-
and CoFe-based MTJs using high resolution transmission
electron microscopy HRTEM and high angle annular dark
field HAADF image with line scan energy dispersive spec-
trum EDS in scanning transmission electron microscopy
STEM mode. We show that both amorphous CoFeB and
textured polycrystalline CoFe can effectively block Mn dif-
fusion at low temperature, while nontextured polycrystalline
CoFe cannot. Based on this observation, we propose that two
different diffusion mechanisms are at play. At low tempera-
ture, the dominant mechanism is oxygen-assisted Mn diffu-
sion. Such diffusion occurs more easily through the bulk of
the crystalline CoFe but only parallel to the close-packed
110 plane, which explains the ability of the amorphous
CoFeB and textured CoFe to block Mn diffusion. At high
temperature, the dominant mechanism is Mn diffusion
through vacancies in grain boundaries of crystalline CoFe or
the bulk of amorphous CoFeB. This mechanism has a uni-
versal onset temperature independent of the activation en-
ergy.
Both single barrier MTJ SBMTJ and double barrier MTJ
DBMTJ were made by magnetron sputtering for this study.
Two SBMTJ samples and two DBMTJ samples were made.
The SBMTJ samples have the layer sequences of
Si/SiO2/Ta5/Cu30/Ta5/Ni79Fe2110/Ir22Mn7812/
Co75Fe254/Al1.0oxide/Co75Fe254/Ni79Fe2110/
Cu30/Ta5CoFe-S
and
Si/SiO2/Ru5/Cu10/Ni79Fe215/Ir22Mn7812/
Co75Fe254/Ru0.9/Co60Fe20B204/Al1.3oxide/
Co60Fe20B204/Ni79Fe215/Ru5CoFeB-S ,
respectively, where the numbers in parentheses denote the
thickness of the layers with a unit of nanometer.
One CoFeB-D of the DBMTJ samples has the layer se-
quence of
Si/SiO2/Ru5/Cu10/Ni79Fe215/Ir22Mn7812/
Co75Fe254/Ru0.9/Co60Fe20B204/Al1.3oxide/
Co60Fe20B204/Al1.3oxide/Co60Fe20B204/Ru0.9/
Co75-Fe254/Ir22Mn7812/Ni79Fe215/Ru5 .
Here, the center magnetic layer Co60Fe20B20 is the free layer
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and is sandwiched by two Al-oxide barriers. The two outer
ferromagnetic electrodes of Co60Fe20B20 are antiferromag-
netically coupled with Co75Fe25 layers through Ru spacers,
respectively. The outer ferromagnetic Co75Fe25 layers in all
samples are pinned by Ir22Mn78 antiferromagnetic layers.
The other DBMTJ sample CoFe-D has a similar structure
Si/SiO2/Ta5/Cu30/Ta5/Ni79Fe2110/Ir22Mn7812/
Co75Fe254/Ru0.9/Co75Fe254/Al1oxide/
Co75Fe251/Ni79Fe212/Co75Fe251/Al1oxide/
Co75Fe254/Ru0.9/Co75Fe254/Ir22Mn7812/
Ni79-Fe2110/Cu30/Ta5 ,
but has Co75Fe25 instead of Co60Fe20B20 as the two outer
ferromagnetic electrodes and the configuration of the middle
ferromagnetic layer is Co75Fe25/Ni79Fe21/Co75Fe25. The de-
tails of the deposition procedure are published elsewhere.15,16
A Philips CM200 transmission electron microscope was op-
erated at 200 kV for the cross-sectional HRTEM measure-
ments. The HAADF images and line scan EDS were ac-
quired in a FEI Tecnai F20 scanning transmission electron
microscope at 200 kV.
Figure 1a shows the typical HRTEM image of the main
layers of CoFeB-D annealed at 275 °C for 1 h, and Figs.
1b–1d are the electron diffraction patterns obtained by the
Fourier transforms from the top layer, the CoFeB layer, and
the bottom layer shown in Fig. 1a, respectively. Two con-
tinuous and amorphous AlOx layers are clearly observed and
three CoFeB layers being almost amorphous can also be
identified see also Fig. 1c, diffused circle, although a few
of the ordered planes appear in the middle CoFeB layer. In
particular, the top and bottom CoFe layers, as shown in Fig.
1a, exhibit different microstructures. The close-packed
110 planes are highlighted by several pairs of parallel bars
to indicate the orientation of the bcc CoFe grains. The bot-
tom electrode appears to be textured 110 layers see also
Fig. 1d, only two strong spots. In contrast, the alignment
of the CoFe grains in the top electrode is rather random also
see Fig. 1b, several pairs of spots to form a circle. The
grain sizes within the polycrystalline CoFe layers in the
samples CoFeB-D and CoFe-D are estimated to be about
1–6 nm in length and 1–4 nm in height from our HRTEM
images. This growth mode is common in many MTJs,17,18
where the top CoFe NiFe electrodes grown on amorphous
Al-O layer show three-dimensional growth. This difference
in the growth mode will have a great impact on Mn diffu-
sion, as we will discuss later.
Figure 2 summarizes the TMR dependence on annealing
temperature with 1 h for four samples including CoFe-S,
CoFe-D, CoFeB-S, and CoFeB-D. Generally, the trend of the
TMR versus Ta is the same for all four MTJs and similar to
those reported by others.12,13 The TMR increases with in-
creasing Ta until it reaches a peak just below 300 °C, and
then it drops quickly. There is no apparent trend between the
value of the annealing temperature Tap, at the peak of TMR,
and the type of junction. We will show below that, in fact,
these curves are nicely correlated with the microstructures of
the MTJs.
The HAADF image of CoFeB-D annealed at 275 °C is
shown in Fig. 3a, where the layer sequence is clearly
shown and the IrMn and AlOx layers are also indicated. Fig-
ure 3b delineates the elemental line scanning profiles for
Co and Mn, which are extracted from the HAADF image
along the arrowed direction in the middle of Fig. 3a. The
three CoFeB and two CoFe layers are marked by five peaks
of Co and the two center adjacent valleys represent two AlOx
layers in Fig. 3b, within which the different layers can be
FIG. 1. A typical cross-sectional HRTEM image of CoFeB-D.
The parallel bars indicate the 110 planes of CoFe. b, c, and d
show the electron diffraction patterns by Fourier transforms from
the top layer, the CoFeB layer, and the bottom layer in a,
respectively.
FIG. 2. Color online TMR as a function of annealing tempera-
ture for four MTJs.
FIG. 3. Color online Analysis of elemental Mn, Co distribu-
tions within a CoFeB-D sample. a The HAADF image. b Line
profiles for elements Mn and Co extracted from a along the
marked direction in the middle.
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clearly distinguished. Two vertical green solid lines are
supposed to represent the middle of the corresponding CoFe
layers. Note that Mn diffuses into the top CoFe of the DB-
MTJ Mn signal over the vertical solid line but is stopped by
the CoFeB layer, as shown on the right side of Fig. 3b.
However, in the bottom CoFe layer, there is no indication of
Mn diffusion. In the middle area marked by two vertical
purple dashed lines, almost no Mn is found. For CoFe-D
annealed at 260 °C, a typical HAADF image is shown in
Fig. 4a. A similar profile of elemental distribution is pre-
sented in Fig. 4b for the CoFe-D sample, and the main
layers can also be clearly distinguished. Similar to Fig. 3, we
note the absence of Mn diffusion in the bottom CoFe layer.
However, significant amount of Mn is found near the top
barrier layer, as marked by arrow at the bottom of Fig. 4b.
This indicates that Mn from the top IrMn layer diffuses into
the AlOx layer by passing through two top CoFe layers of
CoFe-D. The amount of diffused Mn is estimated to be
3.48% based on the acquired STEM data. For comparison,
the elemental distribution of the sample at as-grown state is
also investigated in the same way. The result showing in Fig.
4c indicates no Mn diffusion into the barrier layer was
found at as-grown state, which implies that the Mn diffusion
in the annealed sample is thermally activated.
The fact that the polycrystalline bottom CoFe layers in
both samples are able to prevent Mn diffusion is significant.
The growth of these layers is nearly layer by layer and tex-
tured along the close-packed 110 plane. This is different
than the top CoFe layers which are not textured and strongly
suggests that the important factor in determining Mn diffu-
sion in polycrystalline CoFe is the layer orientation, and not
the grain boundary. It implies that Mn diffusion at low tem-
peratures is likely through the bulk of the CoFe layers. It also
implies that the grain boundaries in the textured 110 film
are likely of high density with a possible intergranular amor-
phous layer. Low grain boundary diffusion coefficient has
been observed previously19 in nanocrystalline alloys.
Mn diffusion through vacancy sites in bulk CoFe can be
neglected due to very high activation energy.9 A recent first-
principles calculation20 shows that oxygen has a surprisingly
low diffusion activation energy of 0.6 eV in bulk bcc Fe. The
diffusion path is along a direction connecting the octahedral
and the tetrahedral interstitial sites. This direction is parallel
to the close-packed 110 plane. Although the connection be-
tween oxygen diffusion and Mn diffusion in CoFe electrodes
is well established,9 the details of such mechanism are still
not clear. For our discussion, we simply assume that Mn can
penetrate along the same direction and reach the same depth
as oxygen. This explains not only low temperature diffusion
of Mn in polycrystalline CoFe electrodes, but it also explains
the ability of the 110-textured layer to stop Mn diffusion.
Because oxygen cannot penetrate the 110-textured layers,
they act as effective barriers for oxygen diffusion and thus
also stop Mn diffusion.
Although vacancy assisted diffusion is negligible in crys-
talline CoFe, the situation is quite different in the amorphous
CoFeB electrode. There has not been a direct measurement
of Mn diffusion, in amorphous alloys. For vacancy assisted
diffusion, the diffusivity of Mn atoms should be very close to
that of self-diffusion of Fe atoms, which is essentially the
diffusivity of vacancy. This argument is supported by the
close values of measured activation energies 2.60 and
2.42 eV and pre-exponential factors 2.76 and 1.49 cm2/s
of Fe self-diffusion and Mn diffusion, respectively, in -Fe
below the Curie temperature.21 The empirical isokinetic
relation22 for the pre-exponential factor is
D0 = A expE/B . 1
We use the parameters A=10−19 m2/s and B=0.055 eV Ref.
23 extracted from Fe self-diffusion in amorphous Fe alloys.
Here, the very small values of both A and B are important.
Using only A and not considering any activation energy thus
neglecting the temperature dependence, annealing for 1 h
would yield a diffusion length of 19 nm. This is slightly
larger than the thickness of the electrode layers. Adding even
a small activation energy to the formula, therefore, would
significantly reduce diffusion below the temperature repre-
sented by TB=B /B B is the Boltzmann constant and sig-
nificantly increase diffusion above it. Because TB is indepen-
dent of the activation energy, it represents a universal onset
temperature for diffusion. The value of B=0.055 eV yields a
temperature of 365 °C. This is very close to the experimen-
tally observed diffusion onset temperature of 300 °C.
Mn diffusion along grain boundaries in polycrystalline
CoFe at high temperatures should be the same diffusion
mechanism as in amorphous alloys because of similar disor-
dered bond configurations near grain boundaries as discussed
earlier. Therefore, the observation of same diffusion onset
temperature for textured CoFe electrodes as for amorphous
CoFeB electrodes suggests that above this temperature, Mn
diffusion in textured CoFe electrodes is dominated by diffu-
sion along grain boundaries.
We finally note that although the vacancy assisted Mn-
diffusion mechanism gives a good explanation of the same
diffusion onset temperature for both textured and amorphous
electrodes, we cannot rule out the role of oxygen-assisted
diffusion completely. Further work is needed to obtain the
FIG. 4. Color online Analysis of elemental
Mn, Co distributions for a CoFe-D sample. a
The HAADF image. b Line profiles for ele-
ments Mn and Co extracted from a along the
marked direction in the middle for 260 °C an-
nealed sample. c Line profiles for elements Mn
and Co extracted from a along the marked di-
rection in the middle for as-grown sample.
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activation energies for oxygen diffusion across the close-
packed 110 plane in bcc CoFe, and in amorphous CoFeB
alloys, to complete the physical picture.
In summary, we find two different mechanisms of Mn
diffusion at low and high temperatures. At low temperatures,
it is through bulk crystalline CoFe and assisted by oxygen. It
can be stopped by both amorphous CoFeB and 110-
textured CoFe. At high temperatures, Mn diffuses through
vacancies in bulk amorphous CoFeB and along grain bound-
aries of crystalline CoFe. A universal diffusion onset tem-
perature is proposed as the ceiling for the thermal stability of
the MTJs. These results point out a clear path on how to
effectively prevent the Mn diffusion from the antiferromag-
netic pinning layer during the MTJ deposition and annealing
processes. They also provide important insight into diffusion
processes in nanosystems in general. Such insight can guide
the designing of future spin electronic and other nanotech-
nology devices.
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